Pyribencarb is a novel benzylcarbamate-type fungicide, which is active against a wide range of plant pathogenic fungi. In this paper, the inhibitory effects of this fungicide on the electron transport system of fungi, plants, rat and carp were examined to elucidate its mode of action and selectivity. Pyribencarb potently inhibited succinatecytochrome c reductase (SCR) activities of Botrytis cinerea (cucumber gray mold), Corynespora cassiicola (leaf spot) and decylubiquinol-cytochrome c reductase (UCR) activity of B. cinerea. Pyribencarb inhibited the UCR of B. cinerea in an uncompetitive manner with respect to decylubiquinol, which was the same as strobilurin fungicides, and the substrate-dependent inhibition constant was found from calculation to be 13 nM. These results suggested that the target site of pyribencarb is cytochrome b of complex III in the electron transport system of the respiratory chain. On the other hand, the inhibitory potency of pyribencarb on SCR activities of plants, rats and carp was relatively weak compared with that of strobilurin fungicides, indicating that pyribencarb is a Qo inhibitor of cytochrome b, whose properties are superior to well-known Qo inhibitor fungicides in terms of target. The binding site of pyribencarb on cytochrome b was assumed to be a little different from that of strobilurin fungicides, because pyribencarb inhibited SCRs of strobilurin fungicide-resistant strains of B. cinerea and C. cassiicola with relatively low concentrations. The binding site was also discussed through comparison of amino acid sequences of plants, rats, carp, yeast and fungi, including B. cinerea, which was elucidated in this paper.
Introduction
Pyribencarb, methyl {2-chloro-5-[(1E)-1-(6-methyl-2-pyridylmethoxyimino)ethyl]benzyl}carbamate (experimental code number, KUF-1204 or KIF-7767), which has been developed by Kumiai Chemical Industry Co., Ltd. and Ihara Chemical Industry Co., Ltd., is a novel benzylcarbamate-type fungicide active against a wide range of plant pathogenic fungi, especially gray mold cased by Botrytis cinerea and stem rot caused by Sclerotinia sclerotirum. 1, 2) Pyribencarb expresses preventive and curative controls for the fungi, while having no phytotoxicity to a variety of crops. [2] [3] [4] [5] This chemical compound has a similar chemical structure to strobilurin fungicides, such as kresoxim-methyl and azoxystrobin, 6, 7) but a different chemical structure regarding the substitution of the carbonyl moiety on the benzene ring ( Fig.  1 ). In the present paper, the inhibitory effects of pyribencarb on the electron transport system of fungi, plants, rat and carp were examined to elucidate its mode of action and selectivity. The binding site on the target was also discussed through comparison of amino acid sequences of the target protein.
Materials and Methods

Materials
Wild-type strains of B. cinerea and Corynespora cassiicola were maintained on a potato-dextrose (PD) agar slant in our laboratory. Resistant strains of B. cinerea and C. cassiicola to strobilurin fungicides were obtained from Mr. Masanori Kansako of Wakayama Research Center of Agriculture, Forestry and Fisheries, Fruit Tree Experimental Station and Dr. Hideo Ishii of National Institute for Agro-Environmental Science, respectively. These strains have been elucidated to have a substitution of glycine for alanine at position 143 (G143A mutation) in cytochrome b. 5, 8) Fischer rats F344/DuCrlCrlj (Rattus norvegicus) and carp (Cyprinus carpio) were obtained from Charles River Laboratories Japan Inc. (Kanagawa, Japan) and Kato Koi Farm Company (Gifu, Japan), respectively. Etiolated seedlings of crops [cucumber (Cucumis sativus L.), tomato (Lycopersicon esculentum Mill.), kidney bean (Phaseolus vulgaris L.), and soybean (Glycine max Merr.)] were grown in the dark for 5 to 7 days at 27°C.
Chemical compounds
Pyribencarb was provided as a reagent-grade product by KI Chemical Research Institute Co. Ltd., (Shizuoka, Japan). Strobilurin fungicides: kresoxim-methyl and azoxystrobin, antimycin A, decylubiquinone and other chemicals were purchased commercially.
Preparation of submitochondrion fraction
Submitochondrion fractions of B. cinerea and C. cassiicola were prepared as follows. B. cinerea and C. cassiicola were grown to the stationary phase (96 hr) in 150 ml PD media at 23°C. Hyphae were then collected by centrifugation at 8,000ϫg for 15 min. After filtering mashed hyphae with a nylon gauze, 10 g hyphae were suspended in 30 ml of 20 mM 3-(N-morpholino)-2-hydroxy-propanesulfonic acid (MOPS)-KOH buffer (pH 7.1) containing 0.3 M mannitol, 0.1% (w/v) bovine serum albumin (BSA), and 1 mM EDTA, and homogenized with 20 g sea sand in a mortar at 4°C. The homogenate was centrifuged at 2,000ϫg for 10 min. The supernatant was centrifuged at 15,000ϫg for 20 min and the membrane fraction was re-suspended in 30 ml of 10 mM MOPS-KOH buffer (pH 7.1) containing 0.25 M sucrose and 1 mM EDTA. The suspension was centrifuged again at 15,000ϫg for 20 min and the resultant precipitate was re-suspended in 2 ml of 10 mM MOPS-KOH buffer (pH 7.1) containing 0.25 M sucrose, 30% (v/v) glycerol and 1 mM EDTA, and stored at Ϫ80°C.
Submitochondrion fractions of etiolated crop seedlings were prepared as follows, basically in accordance with the method of Nawa and Asahi. 9) Fifty grams of chopped etiolated seedlings were suspended in 100-150 ml of 50 mM Tris-HCl buffer (pH 7.3) containing 0.3 M sucrose, 0.1% (w/v) BSA, 1% (w/v) sodium isoascorbate and 1 mM EDTA, and homogenized with 25 g sea sand in a mortar at 4°C. The homogenate was centrifuged at 700ϫg for 10 min. The supernatant was centrifuged at 15,000ϫg for 20 min and the membrane fraction was re-suspended in 30 ml of 50 mM Tris-HCl buffer (pH 7.3) containing 0.5 M sucrose and 0.1% (w/v) BSA. The suspension was centrifuged again at 15,000ϫg for 20 min and the resultant precipitate was re-suspended in 5 ml of 50 mM TrisHCl buffer (pH 7.3) containing 0.5 M sucrose and 0.1% (w/v) BSA, and stored at Ϫ80°C.
Submitochondrion fractions of rat liver and carp hepatopancreas were prepared as follows, basically in accordance with the method of Johnson and Lardy. 10) Five grams of chopped liver and hepatopancreas were suspended in 30 ml of 20 mM MOPS-KOH buffer (pH 7.1) containing 0.3 M mannitol, 0.1% (w/v) BSA and 1 mM EDTA, and homogenized with Teflon homogenizer at 4°C. The homogenate was centrifuged at 700ϫg for 10 min. The supernatant was centrifuged at 15,000ϫg for 20 min and the membrane fraction was re-suspended in 30 ml of 10 mM MOPS-KOH buffer (pH 7.1) containing 0.25 M sucrose and 1mM EDTA. The suspension was centrifuged again at 15,000ϫg for 20 min and the resultant precipitate was re-suspended in 3 ml of 10 mM TrisHCl buffer (pH 7.1) containing 0.25 M sucrose, 30% (v/v) glycerol and 1 mM EDTA, and stored at Ϫ80°C.
Protein concentrations of submitochondrion suspensions were determined by the Bradford method in accordance with the manufacturer's protocol (Bio-Rad, CA, USA).
Enzyme assays for the electron transport activity of the respiratory chain
Succcinate-cytochrome c (SCR) activity reflects electron transfer from succinate to complex III via complex II (complex II and III activities), while decylubiquinol-cytochrome c (UCR) activity reflects electron transfer confined to complex III (complex III activity only). Both activities were assayed by measuring the increase of the absorbance at 550 nm resulting from the reduction of cytochrome c.
11) SCR reaction mixtures contained submitochondrion suspension (50-100 mg protein), 60 mM potassium phosphate (pH 7.5), 2 mM sodium azide, 50 mM cytochrome c and 20 mM sodium succinate in a final volume of 3 ml. UCR reaction mixtures contained submitochondrion suspension (50-100 mg protein), 60 mM potassium phosphate (pH 7.5), 2 mM sodium azide, 50 mM cytochrome c and 10 mM decylubiquinol in a final volume of 3 ml. Decylubiquinol was prepared from decylubiquinone in accordance with the method of Fisher et al. 12) Rection mixtures without submitochondrion suspension were pre-incubated for 5 min at 30°C. The reaction was started by addition of submitochondrion suspension and monitored at 30°C.
Inhibition studies of pyribencarb on electron transport activity of the respiratory chain
concentration of acetone was under 1%. Inhibitory activity by each fungicide was represented as the fungicide concentration required for 50% inhibition (I 50 ) and the inhibition constants (Ki and KiЈ). I 50 values were determined by calculating the inhibition data by Probit analysis. Resistance/susceptible (RS) ratios for SCR inhibition were obtained from calculation using I 50 values of the wild-type strain and the resistant strains to strobilurin fungicides. The ratios of I 50 values for SCR inhibition of plants to that of B. cinerea and the ratios of I 50 values for SCR inhibition of rat and carp to that of B. cinerea, were also determined by the following equation.
Ratioϭ(I 50 values of plant, rat or carp) /(I 50 value of B. cinerea) 6 . Determination of nucleotide sequence of cytochrome b of B. cinerea
Genomic DNA of B. cinerea was isolated from hyphae using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Part of the DNA sequence of the cytochrome b gene of B. cinerea was amplified by PCR using the known primers (RSCBF1 and RSCBR2) 13) and sequenced. Upstream and downstream sequences were determined by genome walking using the Universal GenomeWalker Kit (BD Biosciences, San Diego, CA, USA) and DNA Walking SpeedUp Kit (Seegene, Seoul, South Korea).
Total RNA of B. cinerea was isolated from hyphae using the RNeasy Plant Mini Kit (Qiagen). cDNA was prepared by SuperScript II Reverse Transcriptase with an adapter primer (5Ј-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTT-TT-3Ј) (Invitrogen, Carlsbad, CA, USA).
PCR was performed in 50 ml with 5 units of Expand Hifi polymerase (Roche Diagnostics, Mannheim, Germany), 1ϫExpand Hifi PCR Buffer (containing MgCl 2 ), 0.2 mM dNTPs and 0.02 mM each of upstream primer BOTO-CYTB-33 (5Ј-GACTTTCACGCTTGCACAAG-3Ј, annealed on 5'-UTR) and downstream primer BOTO-CYTB-28 (5Ј-AATCC-GAGATACCAGTAGCG-3Ј, annealed on 3Ј-UTR), by which the whole cytochrome b sequence was covered. The PCR regime was 95°C for 30 s, 55°C for 1 min and 72°C for 2 min for 40 cycles, followed by a final extension step at 72°C for 7 min. DNA was sequenced on an ABI DNA sequencer (Model 301) by cycle sequencing using the BigDye Terminator Cycle Sequencing FS Ready Kit ver.1 (Applied Biosystems, Foster City, USA).
Results
Effects of pyribencarb on SCR and UCR activities of B. cinerea and on SCR activity of C. cassiicola
Pyribencarb inhibited SCR activity of B. cinerea at low concentrations, as did strobilurin fungicides (Table 1, Fig. 2 ). The potency of pyribencarb for the inhibition of UCR activity of B. cinerea was approximately 3-fold stronger than that for SCR activity (Table 1) . Pyribencarb also inhibited SCR of C. cassiicola at low concentrations, but its potency was approximately one-fourth of that against B. cinerea (Table 1) : I 50 values were obtained from probit analysis of inhibition data with 5 concentrations of each chemical compound.
b),c)
: strobilurin-resistant strains with G143A mutation in cytochrome b.
of strobilurin fungicide-resistant strains of B. cinerea and C. cassiicola were highly resistant to kresoxim-methyl and azoxystrobin, but less resistant to pyribencarb, with the result that the RS ratios of pyribencarb for the inhibition of SCR activities of B. cinerea and C. cassiicola were smaller than those of kresoxim-methyl and azoxystrobin (Table 2) .
Kinetics for the inhibition of UCR activity of B. cinerea by pyribencarb
Pyribencarb inhibited the UCR activity of B. cinerea in an uncompetitive manner, and the substrate-dependent inhibition constant (KiЈ) was found from calculation to be 13 nM (Fig.  3A) . Kresoxim-methyl and azoxystrobin also inhibited it in the uncompetitive manner (Fig. 3B, 3C ). The KiЈ of kresoxim-methyl and azoxystrobin was found from calculation to be 2.3 nM and 30 nM, respectively. On the other hand, the Qi inhibitor, antimycin A, inhibited it in a mixed manner, which included non-competitive and competitive components (Fig.  3D) , and the substrate-independent inhibition constant (Ki) and KiЈ values were found from calculation to be 1.0 nM and 3.6 nM, respectively.
Effects of pyribencarb on SCR activities of crops, rats and carp
Inhibition of SCR activities of crops by pyribencarb was much weaker than by kresoxim-methyl and azoxystrobin ( Table 1 ). The I 50 value of pyribencarb for the inhibition of SCR activity of each crop was compared with that of B. cinerea. When similar analysis was performed for kresoximmethyl and azoxystrobin, it was found that the selectivity ratios of pyribencarb were over 10-fold greater than those of kresoxim-methyl and azoxystrobin ( Table 3 ). The I 50 values of pyribencarb for the inhibition of SCR activities of rats and carp were also compared with that of B. cinerea. When similar analysis was performed for kresoximmethyl and azoxystrobin, it was found that the selectivity ratios of pyribencarb were greater than those of kresoximmethyl and azoxystrobin (Table 3) .
Nucleotide sequence of the cytochrome b gene of B. cinerea, and comparison of amino acid sequences of cytochrome b among fungi, crops, rat and carp
The nucleotide sequence of the cytochrome b gene of B. cinerea was determined by genome walking of mitochondrial DNA around the region coding cytochrome b, followed by the amplification of cytochrome b cDNA by PCR utilizing specific primers, each annealing on 5Ј-UTR and 3Ј-UTR. The cytochrome b gene of B. cinerea consisted of four exons divided by three introns on mitochondrial DNA (Fig. 4) . Each exon was 201 bp, 194 bp, 95 bp and 683 bp. The nucleotide sequences of cytochrome b of B. cinerea are now available from DDBJ, EMBL and GenBank databases with accession numbers of AB262969 and AB262970 for genomic DNA and cDNA, respectively. The deduced amino acid sequence of cytochrome b of B. cinerea consisted of 391 amino acid.
Homologies of the amino acid sequence of B. cinerea cytochrome b with other fungi, such as scab (Venturia inaequalis) and powdery mildew (Blumeria graminis, partial sequence) were 87% and 80%, respectively. On the other hand, when compared with cytochrome b of crops, such as cucumber (Cucumis sativus), rapeseed (Brassica napus), tobacco (Nicotiana tabacum), rice (Oryza sativa) and corn (Zea mays), homologies of the amino acid sequence of B. cinerea cytochrome b were 53%, 55%, 54%, 53% and 53%, respectively. Also, when compared with cytochrome b of rat (Rattus norvegicus) and carp (Cyprinus carpio), homologies were 50% and 50%, respectively (Fig. 5) .
Discussion
From inhibition studies on SCR and UCR activities of B. cinerea and C. cassiicola, the target site of pyribencarb existed in complex III of the respiratory electron transport system of fungi. Three different kinds of inhibitors are known to inhibit quinone mediated electron flow in complex III. Two are inhibitors of the o-center in the quinone cycle (Qo inhibitors), and the other is an inhibitor of i-center (Qi inhibitors). 6) Representative of Qo inhibitors are kresoximmethyl, azoxystrobin, metominostrobin and undecylhydroxydioxobenzothiazol. The former three fungicides are categorized as strobilurin fungicides and inhibit the oxidation of ubiquinol to ubiquinone in the o-center in the quinone cycle, which is the same as natural compounds, strobilurin A and myxothiazole A, 7, 14, 15) and the latter inhibits electron flow from the Rieske iron-sulfur protein to cytochrome c 1 .
16) An example Qi inhibitor is cyazofamid, which inhibits the reduction of ubiquinone to ubiquinol in the i-center of the quinone cycle, like a natural compound, antimycin A. 17) Kinetic studies on the inhibition of UCR activity of B. cinerea by pyribencarb, kresoxim-methyl, azoxystrobin and antimycin A, suggested that pyribencarb did not bind to the same site as antimycin A, but bound in the neighborhood of kresoximmethyl and azoxystrobin. These results indicated that the binding site of pyribencarb existed on the o-center of the quinone cycle in cytochrome b in complex III.
Pyribencarb inhibited the SCR activity of B. cinerea potently, while it did not inhibit the SCR activities of crops potently. The ratios of I 50 values of pyribencarb for the inhibition of SCR activities were compared among crops and B. cinerea. When similar analysis was conducted for kresoxim-methyl and azoxystrobin, it was found that the selectivity of pyriben- Vol. 35, No. 2, 99-106 (2010) Mechanism of action and selectivity of a novel fungicide, pyribencarb 103 carb at the target site between B. cinerea and crops was over 10-fold higher than those of kresoxim-methyl and azoxystrobin. Also, the ratios of I 50 values of pyribencarb, kresoximmethyl and azoxystrobin for the inhibition of SCR activities were compared among rats, carp and B. cinerea. Consequently, it was found that pyribencarb expressed higher selectivity at the target site of rats and carp than kresoxim-methyl and azoxystrobin. It is known that kresoxim-methyl and azoxystrobin have little selectivity at the target site; 18) therefore, pyribencarb was considered to be a Qo inhibitor of cytochrome b, whose properties were superior to the wellknown Qo inhibitor fungicides in terms of selectivity at the target protein.
In the present paper, we determined the nucleotide sequences of the cytochrome b gene of both the mitochondrial genome and cDNA of B. cinerea, and its amino acid sequence was predicted. According to a previous paper by Gisi et al., 14) it is considered that Qo inhibitor fungicides interact with mainly three binding regions of yeast cytochrome b, namely domain A, B and C (Fig. 6 ). Among these regions, the carbonyl group of the toxophore of chemical compounds (Fig. 1) binds with a hydrogen bond to the amide group of glutamic acid at position 272 in domain C; therefore, this region plays an important role in accepting fungicides. Since substitution of glycine for alanine at position 143 (G143A) in domain B significantly lowers the affinity of strobilurin fungicides to cytochrome b, 7, 8, 13, 14, [19] [20] [21] [22] [23] interaction between domain B and strobilurin fungicides must be strong. On the other hand, substitution of phenylalanine for leucine at position 129 (F129L) in domain A has been shown not to significantly lower the affinity of strobilurin fungicides to cytochrome b. 14, 21) This suggests that interaction between domain A and strobilurin fungicides might be rather weak. The result obtained here that strobilurin fungicides inhibited SCR activities of crops, rats and carp rather potently, which have different amino acid residues from those of fungi at position 130 in domain A (Fig.  6) , indicated that the amino acid change at position 130 did not affect the affinity of strobilurin fungicides to domain A. This result might support a weak interaction between domain A and strobilurin fungicides; therefore, strobilurin fungicides were presumed to interact predominantly with domain B and C. On the other hand, since strobilurin fungicide-resistant strains of B. cinerea and C. cassiicola, which have G143A mutation, did not express high resistance to pyribencarb as shown above, affinity of pyribencarb to domain B might be rather low compared with strobilurin fungicides. Therefore, the different affinities to domain B between pyribencarb and strobilurin fungicides are supposed to make pyribencarb unique in terms of the efficacy for resistant fungal strains of Qo inhibitors, which have G143A mutation in domain B of cytochrome b. 5) Judging from the weak inhibition of pyribencarb to SCR activities of crops, rats and carp, the amino acid change at position 130 appeared to lower affinity of pyribencarb to domain A of cytochrome b. However, further studies will be needed to elucidate contribution of domain A for binding of pyribencarb to cytochrome b, because the amino acid (leucine) at position 130 has been shown not to interact directly with the toxophore and carrier of strobilurin fungicides (Fig. 6) . 14) Crystallographic studies, as in L. Esser et al., 24) provide good resolution of the contribution of domain A for the binding of pyribencarb. 
